A quantitative analysis of the (2×1) reconstruction of the diamond (111) surface by low-energy electron diffraction (LEED) is presented. Spot intensity versus energy data, I (E), were collected for normal incidence up to electron energies of 500 eV and analysed using the tensor LEED perturbation method. A close fit between experimental and calculated data (according to a Pendry R-factor R = 0.19) confirms the model of π -bonded chains at the very surface, wherein neighbouring chains are at different heights equivalent to a considerable surface corrugation (0.68 Å). We find that the chains are practically untilted, i.e. the buckling within the chains is negligible ( 0.01 Å). The possible dimerization of the chains is also very small (relative bond-length difference d = 0.7%), though the respective limits of error would allow values up to about 7%. For the subsurface structure we find that the surface reconstruction extends rather deep into the surface according to the considerable buckling amplitudes within sublayers down to the fourth bilayer. All structural parameters retrieved, including the negligible tilt and dimerization of chains as well as the extension of the surface reconstruction to deeper layers, are in excellent quantitative agreement with the results of ab initio calculations, so controversies existing up to now in the literature appear to be resolved.
Introduction
As diamond is a promising candidate for future semiconductor applications and as the sizes of devices are becoming ever smaller, the knowledge and understanding of its surface properties are important. This applies in particular to the (111) surface, which is the natural cleavage plane (with one bond per atom cut) but reconstructs after annealing to above 900
• C. The reconstruction corresponds to a (2 × 1) superstructure as is evident from low-energy electron diffraction (LEED) when slightly miscut samples are used. In this case, the three equivalent 120
• rotational domains are of different weight and the degeneracy of beams leading to an apparent (2 × 2) periodicity is lifted [1] . For the atomic arrangement accounting for the reconstruction, a chain-like structure dominated by π-bonding has been proposed by Pandey [2] , similar to that proposed [3] and confirmed for the (2 × 1)-reconstructed (111) surfaces of Si [4] [5] [6] [7] and Ge [7, 8] . As schematically displayed in figure 1 , the truncation of surface bonds leads to an atomic reordering from which chains in [101] direction result (see the bottom panel) and fivefold and sevenfold rings are formed by the atoms of the first and second bilayer (see the upper panel).
This π -bonded chain model has been confirmed in many investigations, including a quantitative LEED study [9] in which, however, only a few parameters could be determined. Generally, the precise structure of the unit cell is at best unclear, if not controversial. The degrees of freedom within that model preserving the (2 × 1) unit cell are
• tilted chains, with atoms A and B (see figure 1 ) at different heights so that there is an intrachain buckling and/or • intrachain dimerization, i.e. alternating bond lengths within a chain (l 1 = l 2 ; see figure 1).
Certainly, there can be a combination of the two modifications. Such an asymmetry in the chains is required by the observation of a gap in the electronic band structure along the JK direction of the surface Brillouin zone (i.e. in the direction perpendicular to the chains) using angleresolved photoemission spectroscopy [10, 11] or electron energy-loss spectroscopy [12, 13] . Whilst tilted chains are confirmed both experimentally and theoretically for Si and Ge (see [7] and references therein), the situation is rather unclear for diamond. By means of x-ray diffraction [14] , a considerable tilt (buckling amplitude 0.30 Å) of the same order of magnitude as for Ge and Si was deduced and found consistent with ion scattering measurements [15] .
The interpretation of infrared-visible sum-frequency-generation spectroscopy data [16] also requires a (small) buckling of chains. Yet, with only two exceptions [17, 18] , theoretical investigations (in particular ab initio calculations) predict untilted and undimerized chains within the limits of numerical accuracy [2, 7, [19] [20] [21] [22] [23] [24] .
To resolve this apparent misfit between theory and experiment we present a detailed quantitative LEED study of C(111) (2 × 1). This method was chosen as it is very sensitive to vertical parameters with error limits in the pm range frequently reported [25, 26] . This precision is in particular possible when, as in the present case, normal-incidence data are used and a large database is available. So, the method should resolve tilted, i.e. vertically buckled, chains if present. On the other hand, normal-incidence LEED is less sensitive to lateral parameters (because of the comparably small lateral momentum transfer in the electron scattering process), so we cannot expect to safely detect a possible dimerization if it is small. Nevertheless, the estimation of an upper limit of dimerization should be possible. Additionally, we aim to determine the strength and depth of multilayer relaxation which is especially important in view to the subsurface stress caused by the (2 × 1) reconstruction, but experimentally unresolved as yet. All results will be compared to those of theoretical work, so illuminating our present understanding of the C(111) (2 × 1) reconstruction.
Experimental and computational details

Experiment
The crystal under investigation was a natural type-IIb (i.e. boron-doped) single crystal with a polished (111) surface. To start with a well defined initial state for preparation, the sample was subjected to an ex situ dry chemical process: a 15 min exposure to a microwave hydrogen plasma at 800
• C. Introduced in the UHV chamber, the sample immediately exhibited a sharp (1 × 1) LEED pattern indicative of a bulk-like-terminated but hydrogen-covered surface. Additional annealing at about 1200
• C produced a clear (2 × 1) diffraction pattern. By evaluation of the intensities of nominally symmetrically equivalent fractional-order beams it could be shown that the pattern is due to three rotational domains with a weight ratio of 56:26:18.
For the LEED intensity measurements a computer-controlled video-based measurement technique was applied allowing for fast data acquisition at a low primary-electron beam current [25] . With the low current, charging of the sample is avoided when the measurement is with the sample at room temperature, so providing sufficient electrical conductivity. Thermal diffuse scattering at this temperature is still small due to the high Debye temperature of diamond (2230 K), so spot intensities are only little reduced and high-quality intensity measurements are possible. The normal incidence of the primary-electron beam was adjusted by comparing the spectra of nominally equivalent beams, where the Pendry R-factor R was used as a quantitative measure [27] . For the eventual data set, the influence of residual misalignment was further reduced by final averaging of equivalent spectra. Five integer-order and seven fractional-order beams constitute a database of energy width E = 3500 eV.
LEED intensity analysis
The intensity analysis was performed by application of the tensor LEED (TLEED) perturbation scheme using the TensErLEED program package [28] . Atomic phase shifts were included up to an angular momentum of l max = 7. Bilayers were treated as composite layers and then stacked by use of the layer-doubling scheme [29] . The inelastic electron attenuation was described by an imaginary potential, V 0i = −7.0 eV. For the structural search and optimization, a fast search algorithm based on a frustrated simulated annealing procedure was applied [30] , as also provided by the program package used. The search was guided and the agreement between calculated and experimental spectra quantified using again the Pendry reliability factor R [27] . The real part of the inner potential was continuously refined during each set of TLEED calculations.
To optimize the agreement between experimental and calculated spectra, the three coordinates of all atoms in the first and second bilayers and the vertical coordinates of all atoms in the third and fourth bilayers were varied. This amounts to a total of 32 structural parameters. The related interlayer spacings, buckling amplitudes and bond lengths are depicted in figure 2 . Further, the vibrational amplitudes of the first two atomic layers were varied, whilst the vibrational amplitudes of deeper-layer atoms were kept fixed according to the bulk Debye temperature of diamond (2230 K). The error limits for a given parameter were estimated by its variation and the corresponding variation of the R-factor. Only parameter values leading to R-factors larger than R min + var(R min ) (with var(R min ) = R min √ 8V 0i / E [27] ) are supposed to be beyond the limits of errors. We emphasize that by this procedure, during which all other parameters are kept fixed at their best-fit values, correlations between different parameters are neglected.
Results
The structural search leads to a best fit between experimental and calculated model spectra according to R min = 0.19 (var(R min ) = 0.02). The corresponding visual comparison of the spectra as displayed in figure 3 appears equally favourable, with practically all spectral features well reproduced. Error limits as estimated by var(R min ) amount to 0.03 Å for the vertical atomic coordinates in the first two bilayers, whilst the error for lateral parameters is 0.10 Å. For atomic positions in deeper layers, the errors increase because of the reduced sensitivity due to electron attenuation. First of all, the good agreement between experimental and computed spectra confirms once more the π-bonded chain model for C(111) (2 × 1). The question of whether the chains are tilted or not is answered by table 1 which summarizes the vertical parameters determined in terms of interlayer spacings, buckling amplitudes and subsurface bond lengths as defined in figure 2 . As is obvious, there is no, or at most an extremely small tilt of the chains, as the bestfit values of the corresponding buckling amplitudes b 11 and b 12 amount to only 0.01 Å, even smaller than the error limit of 0.04 Å estimated for the difference of the vertical coordinates. This result is clearly at variance with the above-mentioned x-ray structure determination [14] reporting an amplitude as large as 0.30 Å. This latter value is well outside our limits of errors because, as tested, it produces an R-factor of R = 0.40 whilst our error level amounts to R min + var(R min ) = 0.21. We have no explanation for this disagreement, but remind the reader that x-ray diffraction analyses are usually less sensitive to vertical parameters than LEED ones. However, there is an interesting feature concerning the medium-energy ion scattering measurements of the same research group [15] . The authors state that their data are well described using a tilted-chain model, but equally well interpreted in terms of non-tilted chains when the vibrational amplitudes of the surface atoms are enlarged by a factor of two compared to the bulk value [15] . Interestingly, we find that the vibrational amplitudes resulting from our fit are indeed enlarged, with root mean square displacements of 0.14 and 0.12 Å for the first and second layer, respectively (compared to a bulk value of 0.06 Å).
Before discussing the other parameters determined and displayed in the table, we addressin the light of the missing tilt-the issue of chain dimerization, i.e. the question of whether the bonds within the chain are of equal length or whether shorter and longer lengths alternate. As mentioned in the above sections, we allowed also for lateral relaxations for the atoms in the two outermost bilayers but cannot expect the same accuracy as for the vertical parameters (indeed, the comparison is 0.03 versus 0.10 Å as given above). The analysis yields values of l 1 and l 2 (see figure 1) which produce a rather small dimerization, d = |l 1 − l 2 |/(l 1 + l 2 ) = 0.7% with, however, an error margin of 6%, so the upper limit is d ≈ 7%. Of course, in principle Table 1 . Comparison of the results of the present LEED analysis with those of first-principles calculations [23] . The parameters displayed are defined in figure 2 the lateral sensitivity of LEED could be increased by using off-normal-incidence intensity data as, e.g., applied in the determination of the in-plane reconstruction of W(100) [31] . Yet, the procedure requires the angles of incidence as additional fit parameters and the averaging of beam intensities degenerate at normal incidence is no longer possible, leading to data of lower quality. Table 1 also reveals how the surface reconstruction continues into deeper layers towards the bulk, an issue of particular importance for materials with-as in the present case of diamond-strongly localized bonds. Apparently, the lower sublayer of the second bilayer is substantially buckled, with atoms constituting the lower corner of the sevenfold ring shifted outward and those of the fivefold ring shifted inward, with the difference amounting to as much as 0.18 Å. These shifts continue-though less pronounced-to the neighbouring atoms of the upper sublayer of the next bilayer in such a way that the corresponding bond length l 23 (l 23 ) is expanded (contracted). Even in the fourth bilayer there is considerable buckling, though we should note that this is no longer outside our error limits, as they increase with depth because of electron attenuation.
Discussion and conclusions
The above LEED structure analysis of C(111) (2 × 1) shows-in contradiction to earlier experimental work [14] -that the π -bonded chains forming the (2 × 1) surface reconstruction are not (or are only negligibly) tilted. A plausible reason for diamond having untilted chains, whilst chains in Si and Ge exhibit a strong tilt, might be the more localized nature of carbon bonds, leading to a weaker interaction of the bands and therefore a smaller energy gain when breaking symmetry. So, tilted chains cannot be responsible for the band gap detected by angleresolved photoelectron spectroscopy [10, 11] and electron energy-loss spectroscopy [12, 13] . (Theoretical work concludes that buckling would not even lead to a band gap [32] .) Instead, in the light of our present understanding, some dimerization must be responsible. Though the respective value determined in the present work is rather small, d = 0.7%, our error limits allow values as large as d ≈ 7%, i.e. larger than all values realistically discussed.
As also displayed in table 1, our result of untilted chains and the result for the structure of the bilayers below compare extremely well with the structure obtained by ab initio calculations which also consider the relaxations of deeper bilayers [23] . In the latter work, density functional theory in the local-density approximation (LDA) was used, but when the generalized gradient approximation (GGA) is applied-which is more appropriate for a strongly localized system like diamond-the results do not change very much [24] . In agreement with our result for the chain structure, there is neither a substantial tilt nor dimerization. We note, however, that in an earlier ab initio molecular dynamics study [18] a dimerization of d = 1.4% was retrieved, i.e. not deviating too much from our value, and that this-by consideration of many-electron effects-can lead to a band gap as large as 1.7 eV [32] which is in the range of the experimentally determined value. We also mention that metastable states with a strong dimerization of the lower-lying chain have been found in recent Monte Carlo simulations [33] .
Concerning the subsurface structure, it is evident that the surface reconstruction protrudes into the surface down to the fourth bilayer. A substantial buckling of the sublayers is induced, i.e. all bilayers included in our structural analysis exhibit the (2 × 1) symmetry of the very surface. The theoretical predictions and the present experimental results agree within about one per cent also for the subsurface structure. Judging by this excellent comparison between theory and experiment, the problem of the geometric structure of C(111) (2 × 1) appears to be resolved, though the precise origin of the surface band gap remains less clear.
